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As direct dark matter experiments continue to increase in size, they will become sensitive to neu-
trinos from astrophysical sources. For experiments that do not have directional sensitivity, coherent
neutrino scattering from several sources represents an important background to understand, as it
can almost perfectly mimic an authentic weakly interacting massive particle (WIMP) signal. Here
we explore in detail the effect of neutrino backgrounds on the discovery potential of WIMPs over
the entire mass range of 500 MeV to 10 TeV. We show that, given the theoretical and measured
uncertainties on the neutrino backgrounds, direct detection experiments lose sensitivity to light
(∼ 10 GeV) and heavy (∼ 100 GeV) WIMPs with a spin-independent cross section below 10−45 and
10−49 cm2, respectively.
PACS numbers: 95.35.+d, 14.80.-j
I. INTRODUCTION
Direct dark matter detection experiments searching
for the presence of weakly interacting massive particles
(WIMPs) are rapidly improving in sensitivity [1, 65], now
probing important regimes of well-motivated theoretical
extensions of the standard model that include dark mat-
ter candidates [2–4]. As the sensitivity of the experiments
continues to improve, it will become increasingly impor-
tant to quantify their detection prospects in mass and
cross section regimes in which backgrounds affect the de-
tection of a WIMP signal.
Upcoming direct dark matter detection experiments
will have sensitivity to detect neutrinos from several as-
trophysical sources, including the Sun, atmosphere, and
diffuse supernovae [5–9]. Though neither coherent neu-
trino scattering nor the WIMP-nucleus interaction have
conclusively been observed yet, it is of main interest to
estimate how the neutrino signal could impact a poten-
tial WIMP detection. For example, the 8B solar neu-
trinos induce an event rate equivalent to a WIMP of
6 GeV/c2 with a spin-independent cross section on the
nucleon of ∼ 5× 10−45 cm2, while the atmospheric neu-
trino background induces an event rate that is similar to a
∼ 100 GeV WIMP with a spin-independent cross section
of ∼ 10−48 cm2 [7]. Therefore, if the WIMP mass and
cross section are at these scales, neutrino backgrounds
must be taken into account when attempting to identify
a WIMP signal. As discussed in Sec. V, understanding
in detail the energy spectrum of the astrophysical neu-
trino sources in direct detection experiments is necessary
∗Electronic address: billard@mit.edu
to maximize the discovery potential of upcoming experi-
ments.
In this paper, we systematically quantify the discovery
potential of direct dark matter searches in the presence
of neutrino backgrounds. In comparison with previous
studies, we extend the calculation of the neutrino back-
grounds to both lower detectable recoil energies and neu-
trino fluxes. We consider all realistically feasible configu-
rations of germanium and xenon experiments, and sta-
tistically quantify the discovery potential for each expe-
rimental configuration as a function of WIMP mass and
cross section.
This paper is organized as follows : In Sec. II we discuss
and update the neutrino fluxes that we use in our calcu-
lations. In Sec. III we determine the neutrino-induced
recoil event rate and compare to the expected event rate
from canonical WIMP models. In Sec. IV we introduce a
new statistical methodology to extract the neutrino back-
ground and compare it to an expected WIMP signal. In
Sec. V we present the discovery limits as a function of
WIMP mass and cross section. Finally, Sec. VI discusses
the evolution of the discovery potential as a function of
exposure and presents the discovery potential of future
high exposure direct detection experiments. The last sec-
tion is dedicated to our conclusions and discusses future
directions for direct detection of dark matter.
II. NEUTRINO FLUXES
Direct detection experiments will be sensitive to the
flux of solar, atmospheric, and diffuse supernova neutri-
nos. In this section we discuss the respective neutrino
fluxes, updating the input from previous calculations,
and examining their respective uncertainties.
2A. Solar neutrinos
Direct dark matter detection experiments that are sen-
sitive to neutrino-nucleus coherent scattering are prima-
rily sensitive to two sources of solar neutrinos, so cal-
led 8B and hep neutrinos. The 8B neutrinos arise from
the decay 8B → 7Be∗ + e+ + νe, which occurs in ap-
proximately 0.02% of the terminations of the proton-
proton (pp) chain. The total flux measured with the
neutral current (NC) interaction of 8B solar neutrinos
is φNC = 5.09 ± 0.64 × 106 cm−2 s−1 (about 16% un-
certainty) [10]. Our calculations use the theoretical value
φNC = 5.69 ± 0.61 × 106 cm−2 s−1 of the solar neu-
trino fluxes from Ref. [11]. This is near the flux predic-
tion of the high metallicity standard solar model (SSM),
and thus provides a conservative estimate of the 8B neu-
trino background in dark matter detectors. Note that
the low metallicity solution predicts a lower value of the
8B flux normalization, which is statistically inconsistent
with the high metallicity SSM (for a detailed discussion
see Ref. [12]). The hep neutrinos arise from the reaction
3He + p →4 He + e+ + νe, which occurs in approxima-
tely 2 × 10−5% of the terminations of the pp chain. At
the lowest neutrino energies, electron capture reaction on
7Be is the second largest neutrino source that leads to two
monoenergetic neutrino lines at 384.3 and 861.3 keV with
a branching ratio of 10% and 90% respectively due to the
7Li excited state. According to the BS05(OP) solar mo-
del, we chose a 7Be neutrino flux of 4.84× 109 cm−2 s−1
with a theoretical uncertainty of about 10.5% [11]. For
the analysis in this paper we are also sensitive to carbon-
nitrogen-oxygen cycle (CNO) neutrinos. The uncertainty
in the solar composition is the dominant source of un-
certainty in the CNO neutrino fluxes. We take an uncer-
tainty of 30% on the CNO neutrino fluxes [13, 14].
Through neutrino-electron scattering, dark matter de-
tection experiments are also sensitive to neutrinos produ-
ced directly in the pp chain. The total flux of neutrinos
produced in the pp chain is 5.94×1010 cm−2 s−1. Because
the neutrino-electron scattering cross section is flavor de-
pendent, in this case we must consider the flavor compo-
sition of the neutrino flux that arrives on the Earth. For
the energies that we are sensitive to, the electron neutrino
survival probability is approximately 55% [15]. Following
Ref. [11], we will consider an uncertainty of 1% on the pp
neutrino flux.
B. Atmospheric neutrinos
Atmospheric neutrinos are produced through cosmic
ray collisions in the Earth’s atmosphere. The collisions
produce pions which then decay to muon and elec-
tron neutrinos and antineutrinos. The atmospheric neu-
trino flux has been detected by several experiments :
Super-Kamiokande [16], SNO [17], MINOS [18], and Ice-
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Figure 1: Relevant neutrino fluxes which are backgrounds to
direct dark matter detection experiments : Solar, atmospheric,
and diffuse supernovae [7].
Cube [19]. In these experiments, the direction of the de-
tected muon is reconstructed. Modern direct dark mat-
ter detectors do not have directional sensitivity and are
mainly sensitive to the low component of the atmosphe-
ric neutrino flux, i.e. less than approximately 100 MeV.
At these energies, the uncertainty on the predicted at-
mospheric neutrino flux is approximately 20% [20]. Due
to a cutoff in the rigidity of cosmic rays induced by the
Earth’s geomagnetic field at low energies, the atmosphe-
ric neutrino flux is larger for detectors that are nearer to
the poles [20].
C. Diffuse supernova neutrinos
The diffuse supernova neutrino background (DSNB) is
the flux from the past history of all supernova explosions
in the Universe. The DSNB flux is a convolution of the
core-collapse supernova rate as a function of redshift with
the neutrino spectrum per supernova. The core-collapse
rate is derived from the star-formation rate and stellar
initial mass function ; for a recent review on the predic-
ted DSNB flux see Beacom [21]. The neutrino spectrum
of a core-collapse supernova is believed to be similar to
a Fermi-Dirac spectrum, with temperatures in the range
3-8 MeV. The calculations in this paper assume the fol-
lowing temperatures for each neutrino flavor : Tνe = 3
MeV, Tν¯e = 5 MeV, and Tνx = 8 MeV. Here Tνx re-
present the remaining four flavors : νµ, ν¯µ, ντ , and ν¯τ .
Because of the scaling of the coherent neutrino scatte-
ring cross section (integrated over all recoil energies), the
flavors with the largest temperature dominate the event
rate. Following [21], we will consider a systematic uncer-
tainty on the DSNB flux of 50%.
Figure 1 presents the relevant neutrino fluxes that will
be a background for dark matter direct detection. Shown
are the different contributions from solar, atmospheric,
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Figure 2: Neutrino-induced nuclear recoil spectra for the different neutrino sources, for a Ge target (left) and a Xe target
(right).
and diffuse supernova neutrinos. Note that we are not
considering geoneutrinos nor reactor neutrinos in this
study. Indeed, as shown in [6], the contribution of the
geoneutrinos to the neutrino-induced recoil energy spec-
trum is at least 2 orders of magnitude below the solar
neutrino contribution over the whole energy range. The
reactor neutrinos are strongly dependent on the location
of the experiment with respect to the surrounding nuclear
reactors and on the power these reactors are working
at. While this contribution should be estimated indepen-
dently for each experiment, we are not considering them
as this is beyond the scope of this paper and will there-
fore only discuss the case of cosmic neutrinos as shown
in Fig. 1.
III. WIMP AND NEUTRINO BACKGROUND
EVENT RATE CALCULATIONS
A. WIMP-induced nuclear recoil rate calculation
Like most spiral galaxies, the Milky Way is believed to
be immersed in a halo of WIMPs which outweighs the
luminous component by at least an order of magnitude
[4, 22, 23]. The velocity distribution of dark matter in the
halo is traditionally modeled as a Maxwell-Boltzmann,
characterized by a density profile that scales as 1/r2 and
leading to the observed flat rotation curve [24]. Recent
results from N-body simulations in fact indicate that
this Maxwell-Boltzmann assumption is an oversimplifi-
cation [25–27], as there is a wider peak and there are fe-
wer particles in the tail of the distribution ; this result has
important implications for interpretation of experimental
results [28]. Further, substructures, streams, and a dark
disk may create distinct features in the velocity distribu-
tion [29–32]. Since the goal of this paper is to examine
the effects of the neutrino background on the extraction
of a WIMP signal, to make the connection to previous
experimental studies in this paper we just consider the
Maxwell-Boltzmann model, which is characterized by the
following WIMP velocity distribution in the Earth frame,
f(~v) =


1
Nesc(2πσ2v)
3/2 exp
[
− (~v+~Vlab)
2
2σ2v
]
if |~v + ~Vlab| < vesc
0 if |~v + ~Vlab| ≥ vesc
(1)
where σv is the WIMP velocity dispersion related to
the local circular velocity v0 such that σv = v0/
√
2,
~Vlab and vesc are respectively the laboratory and the
escape velocities with respect to the galactic rest frame,
and Nesc is the correction to the normalization of the
velocity distribution due to the velocity cutoff (vesc).
The differential recoil energy rate is then given by [24],
dR
dEr
=MT × ρ0σ0
2mχm2r
F 2(Er)
∫
vmin
f(~v)
v
d3v (2)
where ρ0 is the local dark matter density, mχ is the
WIMP mass, mr = mχmN/(mχ + mN ) is the WIMP-
nucleus reduced mass and σ0 is the normalized to nucleus
cross section. Note that we will assume that the WIMP
couples identically to the neutrons and protons, though
generically a larger theoretical parameter space is avai-
lable [33]. F (Er) is the nuclear form factor that describes
the loss of coherence for recoil energies above ∼10 keV.
In the following, we will consider the standard Helm form
factor [24]. For the sake of comparison with running ex-
periments, we will consider the standard values of the dif-
ferent astrophysical parameters : ρ0 = 0.3 GeV/c
2/cm3,
v0 = 220 km/s, Vlab = 232 km/s and vesc = 544 km/s.
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Figure 3: Number of neutrino-induced nuclear recoils per ton-year for a Ge target (left) and Xe target (right) as a function of
the energy threshold. Note that we have considered an upper limit on the nuclear recoil energy range of 100 keV.
B. Neutrino-nucleus cross section
It has been shown by Freedman [34] that the neutrino-
nucleon elastic interaction, well explained by the stan-
dard model, leads to a coherence effect implying a
neutrino-nucleus cross section that approximately scales
as the atomic number (A) squared. However, this co-
herent nature of the neutrino-nucleus scattering can only
take place when the momentum transfer is comparable
in scale to the nuclear size, about a few keV for most
targets of interest. At higher energies, generally above
10 keV for most nuclei, the loss of coherence reduces the
neutrino-nucleus cross section. The resulting differential
neutrino-nucleus cross section as a function of the recoil
energy Er and the neutrino energy Eν is defined as fol-
lows [35] :
dσ(Eν , Er)
dEr
=
G2f
4π
Q2wmN
(
1− mNEr
2E2ν
)
F 2(Er), (3)
where mN is the target nucleus mass, Gf is the Fermi
coupling constant, Qw = N−(1−4 sin2 θw)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and θw the weak mixing angle.
From kinematics, one can easily derive that the maximum
recoil energy Emaxr is equal to :
Emaxr =
2E2ν
mN + 2Eν
. (4)
It is worth noticing that for neutrino energies above
∼100 MeV some additional processes start to contribute
to the total cross section, such as quasielastic scattering,
resonance production, and deep inelastic scattering for
higher energies [36]. However, as their contribution to
the event rate in the recoil energy range of interest is ne-
gligible, we will neglect these additional contributions in
the following of this study.
C. Neutrino-electron cross sections
Neutrino-induced electronic recoils can be an impor-
tant background for upcoming ton-scale experiments
that do not reach sufficiently high power in electronic re-
coil background rejection. In this case, such background
processes should be accounted for in the estimation
of the discovery reach of these experiments. In the
following, we will discuss the two main neutrino-electron
scattering processes that are relevant for neutrino
energies below 1-10 MeV [37], the standard electroweak
interaction and the neutrino magnetic moment.
As the pp neutrinos provide the dominant contribution
to the solar neutrino flux and the maximum recoil energy
induced by these neutrinos is about 260 keV, we can sa-
fely neglect the other neutrino components to the total
neutrino-induced electronic recoil background. Also, in
the following calculations, we will neglect atomic effects
and consider the electrons from the atomic cloud as being
free [37, 38].
1. Standard electroweak interaction
At tree level, the neutrino-electron electroweak interac-
tion proceeds through the exchange of a Z boson (neutral
current) and the exchange of a W boson (charged cur-
rent) which is only possible in the case of an incoming
electron neutrino. The resulting expression of the cross
section is as follows [36, 37] :
dσ(Eν , Er)
dEr
=
G2fme
2π
[
(gv + ga)
2
+(gv − ga)2
(
1− Er
Eν
)2
+ (g2a − g2v)
meEr
E2ν
]
,
(5)
5Recoil energy [keV]
-310 -210 -110 1 10 210
]
-
1
Ev
e
n
t r
a
te
 
[(to
n
.
ye
a
r.
ke
V)
-410
-110
210
510
810
2
 cm-45 = 4.4x10
-nχσ, 
2
 = 6 GeV/cχWIMP signal: m
Total CNS background
Weak neutrino-electron
b
µ -11 = 3.2x10
ν
µNeutrino magnetic moment: 
b
µ -14 = 1x10
ν
µNeutrino magnetic moment: 
Recoil energy [keV]
-310 -210 -110 1 10 210
]
-
1
Ev
e
n
t r
a
te
 
[(to
n
.
ye
a
r.
ke
V)
-410
-110
210
510
810
2
 cm-45 = 4.7x10
-nχσ, 
2
 = 6 GeV/cχWIMP signal: m
Total CNS background
Weak neutrino-electron
b
µ -11 = 3.2x10
ν
µNeutrino magnetic moment: 
b
µ -14 = 1x10
ν
µNeutrino magnetic moment: 
Figure 4: Left (right) panel shows the energy spectra of the most relevant neutrino backgrounds for a Ge (Xe) type detector.
Shown are a WIMP signal (black solid line), the total coherent neutrino scattering (CNS) background contribution (blue dashed
line), standard electroweak neutrino-electron interaction (red line) and the contribution from the neutrino magnetic moment
(cyan lines). Dashed red and cyan lines (dark and light) correspond to the consideration of an electron rejection factor of 99.5%
and 105 for a XENON-like and Ge-based CDMS-like experiment respectively. Dark and light cyan curves correspond to the
experimental and theoretical upper limits on the neutrino magnetic moment respectively.
whereme is the electron mass, gv and ga are the vectorial
and axial coupling respectively and are defined such that :
gv = 2 sin
2 θw − 1
2
ga =
1
2
. (6)
In the particular case νe + e → νe + e, the interference
due to the additional charged current contribution im-
plies a shift in the vectorial and axial coupling constants
such that gv,a → gv,a + 1. One can easily derive that the
νe + e → νe + e cross section is about one order of ma-
gnitude larger than in the case of νl + e→ νl + e (where
l = µ, τ). Hence, it is important to consider the neutrino
oscillation from the solar core to the Earth-based detec-
tor when computing this neutrino-electron background.
It has been shown in Ref. [15] that the survival probabi-
lity of νe below 1 MeV is fairly constant in energy and
equal to 0.55. The remaining component is distributed
between νµ and ντ which have the same expression of
the cross section.
2. Neutrino magnetic moment
As neutrinos oscillate, they must have a non-vanishing
mass and sufficiently large mixing with each other. In the
case of a Dirac neutrino, the extension of the standard
model in which neutrinos are massive naturally provides
a small but nonzero neutrino magnetic moment. This re-
sults in an increase of the total neutrino-electron scatte-
ring cross section by the following contribution [37, 39] :
dσ(Eν , Er)
dEr
= µ2ν
πα2
m2e
[
1
Er
− 1
Eν
]
, (7)
where µν is the neutrino magnetic moment in units of
Bohr magneton µb = e/2me and α is the fine structure
constant. The simplest standard model prediction leads
to a very tiny magnetic moment of about µν ∼ 10−20µb
preventing any experiment from being sensitive to this
putative contribution. However, some more general ex-
tensions could predict neutrino magnetic moment up to
about µν ∼ 10−14µb where Majorana neutrinos gene-
rally have higher magnetic moment than Dirac neutrinos
[40, 41]. As the measurement of such process could the-
refore be an excellent probe for new physics beyond the
standard model, it is of great interest trying to measure
it. The strongest experimental upper limit on the neu-
trino magnetic moment coming from the GEMMA Colla-
boration is equal to 3.2× 10−11µb [42] (5× 10−12µb [38])
without (with) considering atomic effects. Evidence of
µν > 10
−14µb would strongly be in favor of new physics
at the TeV scale or beyond and would imply that the
neutrino is Majorana [41].
D. Neutrino-induced background rate calculation
The calculation of the event rate as a function of the
recoil energy is given by :
dR
dEr
= N ×
∫
Eminν
dN
dEν
× dσ(Eν , Er)
dEr
dEν (8)
where dN/dEν denotes the neutrino flux and N is the
number of target nuclei per unit of mass of detector ma-
terial. In the following, we will denote M and T as being
respectively the detector mass and the exposure time of
the experiment. Note that in the case of the neutrino-
induced electronic recoils, the event rate is multiplied by
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the number of electrons Z per atom. In the limit where
mN ≫ Eν , one can deduce that the minimum neutrino
energy Eminν required to generate a nuclear recoil at an
energy Er is :
Eminν =
√
mNEr
2
. (9)
However, in the case of an electronic recoil, the expression
of Eminν is the following :
Eminν =
1
2
(
Er +
√
Er(Er + 2me)
)
. (10)
Figure 2 presents the nuclear recoil rate as a function
of recoil energy for all neutrino components for a Ge tar-
get (left panel) and Xe target (right panel). As shown
in Fig. 2, most of the solar neutrinos are at very low re-
coiling energies (below 0.1 keV) except the 8B and hep
neutrinos that will dominate the event rate from 0.1 to
8 keV. Above these energies, atmospheric neutrinos will
dominate with a subdominant contribution from the dif-
fuse supernova background neutrinos.
Figure 3 presents the expected number of nuclear re-
coils as a function of the threshold energy and with an
upper bound on the recoil energy range of 100 keV. It
is interesting to notice that the 8B neutrinos dominate
the expected number of neutrino-induced nuclear recoils
for threshold energies between 10 eV and 10 keV. As
shown on Fig. 3, a ton-scale experiment with a 0.1 keV
threshold can then expect about 500 and 1000 neutrino-
induced nuclear recoils for a Ge and Xe based experiment,
respectively.
Finally, Fig. 4 presents the total neutrino backgrounds
as well as a WIMP spectrum for a benchmark model
that best fits the 8B neutrino-induced nuclear recoil
spectrum (black solid line). It is also interesting to
see that a WIMP signal could almost perfectly be
mimicked by solar neutrino backgrounds. The neu-
trino background from coherent neutrino scattering
is given by the blue dashed line, and the electroweak
and neutrino magnetic moment ν + e− → ν + e−
contributions are shown by the solid red and cyan
lines. The dark cyan line corresponds to the expected
event rate considering the experimental constraint on
the neutrino magnetic moment (µν = 3.2 × 10−11µb)
while the light cyan line considers the theoretical upper
bound from the most general extensions of the standard
model (µν = 10
−14µb). As dark matter experiments
aim at rejecting electronic recoils, the dashed red and
cyan lines correspond to the event rate expected in a
XENON-like experiment where the rejection factor is
taken to be flat in energy and equal to 99.5% [43] and
equal to 105 in a Ge-based CDMS-like experiment [44].
Therefore, after electron recoil rejection, one can easily
deduce that neutrino-electron backgrounds should not
be an issue for Ge-based CDMS-like experiments while
they could contribute significantly to the total neutrino
backgrounds for XENON-like experiments for recoil
energies above 4 keV. That being said, unless otherwise
stated we will only consider neutrino backgrounds from
coherent neutrino scattering.
For a particular experiment, Fig. 3 gives the number of
neutrino events for an experiment with a fixed threshold
and exposure and a 100% efficiency over the whole recoil
energy range (from the threshold to 100 keV). In this
paragraph we present a novel way to represent the level
of the neutrino CNS background on the WIMP-nucleon
7cross section vs WIMP mass plane which is presented
for the case of a Xe-based experiment in Fig. 5. To do
so, we generated a set of 1,000 background-free exclusion
limits, which are defined as isovalues of WIMP events
(2.3 at 90% C.L.), as a function of the WIMP mass, with
varying thresholds from 0.001 to 100 keV and adjusted
each curve’s exposure such that each experiment expects
a neutrino background of one event ; see colored solid
lines in Fig. 5 (left).
By taking the lowest cross section from all the limits
as a function of the WIMP mass, one can draw the line
in the WIMP-nucleon cross section vs WIMP mass plane
that corresponds to the best background-free sensitivity
estimate achievable at each WIMP mass for a one neu-
trino event exposure, see black dashed line in Fig. 5 (left).
This follows from the construction of the line, which joins
the mass-dependent threshold/exposure pairs that op-
timize the background-free sensitivity estimate at each
mass while having a background of one neutrino event.
Since both the neutrino background and the
background-free WIMP sensitivity scale linearly with ex-
posure (for the same fixed threshold), one can derive the
number of expected neutrino events from a given expe-
riment sensitivity by scaling the one neutrino event line
such that it overlaps with the background-free sensiti-
vity limit only at a single point. This is illustrated in
Fig. 5 (right) where we have shown the background-free
sensitivity limits for different Xe-based experiment (solid
lines) and their corresponding neutrino isoevent contour
lines (dashed lines). The considered thresholds are 10 eV,
500 eV, 5 keV, and 10 keV with exposures of 10 kg-
years, 2 ton-years, 100 ton-years and 5,000 ton-years. As
one can see from Fig. 5 (right), these experiments expect
18.5, 657, 4.5, and 154 neutrino events respectively. Equi-
valently, the number of expected neutrino events can be
deduced from the maximum ratio over the WIMP mass
range between the one neutrino event line and the ex-
periments’ background-free limits. A set of contours for
Xe-based experiments with a flat efficiency between the
threshold up to 100 keV are shown in Fig. 12 (left).
As shown in Fig. 5 (left), there is a large change in
the WIMP sensitivity corresponding to exposures lea-
ding to one neutrino event between WIMP masses of 5
to 10 GeV/c2. This is due to the fact that a Xe-based
experiment needs to have a threshold below 4 keV to
have sensitivity to WIMPs below ∼10 GeV/c2. Below
4 keV the 8B and hep neutrinos start to leak into the
signal region, and their much larger rate implies a much
lower exposure to attain one neutrino event. Conversely,
for WIMP masses above ∼10 GeV/c2, a Xe-based expe-
riment can achieve better WIMP sensitivity by increa-
sing its threshold above 4 keV to be insensitive to the
solar neutrinos and thus has atmospheric neutrinos as its
dominant neutrino background. The much lower flux im-
plies a much larger exposure to attain one neutrino event.
One can deduce from Fig. 5 that aiming at detecting a
light WIMP (below 10 GeV/c2) with a cross section be-
low 10−45 cm2 or a WIMP heavier than 20 GeV/c2 with
a cross section below 10−48 cm2 will be very challenging
due to the presence of neutrino background, see Sec. V.
This new estimation of the neutrino background contami-
nation from background-free exclusion sensitivity limits
shown in Fig. 5 can also be done for different target nu-
clei and with energy-dependent detection efficiencies. For
lighter targets, the abrupt drop around 6 GeV/c2 will oc-
cur at slightly larger masses. This kinematic effect is the
same mechanism at work in Fig. 8, which will be discus-
sed in the next section.
IV. WIMP RECONSTRUCTION OF NEUTRINO
ONLY DATA
As the upcoming ton-scale experiments will be sensi-
tive to the neutrino background, it is worth investigating
how such a false positive dark matter detection signal
could be interpreted in the context of a WIMP only re-
construction of the data. For these purposes, we intro-
duce the WIMP only likelihood function defined as fol-
lows [45] :
L (mχ, σχ−n) =
µNχ
N!
e−µχ
N∏
i=1
fχ(Eri), (11)
where fχ is the unit normalized energy distribution for
WIMP-induced nuclear recoils and µχ is the expected
number of WIMP events for a given WIMP mass and
WIMP-nucleon cross section (σχ−n) defined as :
µχ =
∫ Eup
Eth
dR
dEr
dEr, (12)
where Eth is the nuclear recoil energy threshold and Eup
is the upper bound which is taken to be equal to 100 keV.
In order to study how a neutrino signal could be
interpreted as a potential dark matter signal, we com-
puted the maximum likelihood distribution of 10,000
Monte Carlo pseudo-experiments for which we have set
σχ−n = 0 cm
2 such that the fake data sets only contain
neutrino-induced nuclear recoils. Also, we have varied
the total exposure such that the expected number of
neutrino events for each threshold energies was about
500 events, which is roughly the number of neutrino
events expected for a 0.1 keV threshold Ge experiment
with a 1 ton-year exposure.
The resulting distributions for various energy thre-
sholds are presented in Fig. 6 for a Ge target (left
panel) and Xe target (right panel) where the different
intensities of the coloring correspond to the various
energy thresholds considered : 1 eV, 10 eV, 100 eV,
1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV. From
the different distributions, one can deduce that for
energy thresholds of the order of 1 keV and below, the
reconstructed WIMP mass from neutrino background
only data should lie within the range of 3 to 30 GeV/c2
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Figure 6: Distributions of the maximum likelihood of the CNS background under the WIMP only hypothesis for a Ge target
(left) and a Xe target (right). The different intensities of colors correspond to the energy threshold considered, from light to
dark : 1 eV, 10 eV, 100 eV, 1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV. These distributions have been computed by adjusting
the experiment exposure such that we have a total of about 500 expected neutrino events for each different energy threshold
and target.
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Figure 7: Comparison between the nuclear recoil event rate as a function of energy from the CNS background (blue dashed
line) and the best fit WIMP models for the different thresholds, deduced from Fig. 6, in the case of a Ge target (left) and Xe
target (right). The different color intensities and thicknesses of the lines are from light thin to dark thick : 1 eV, 10 eV, 100
eV, 1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV.
in the case of Ge- and Xe-based experiments. The
general tendency when increasing the energy threshold
is that the reconstructed WIMP mass gets higher and
the cross section lower. The first effect is easily explained
by the fact that when the energy threshold increases,
the experiment is less sensitive to the lower-energy
(but higher flux) neutrinos, and thus the higher-energy
neutrinos have a more dominant role, inducing a larger
fraction of higher recoil energies which mimics higher
WIMP masses. The reduction of the reconstructed cross
section comes from the fact that the CNS background
is composed of several components that have different
end point energies, inducing significant reductions of the
event rate when increasing the energy threshold. As a
matter of fact, as the reconstructed WIMP mass and
cross section drastically depend on the energy threshold,
this suggests that the total CNS spectrum is not well
fitted by a WIMP only hypothesis on the whole energy
range from 1 eV to 100 keV.
In order to assess how well the CNS spectrum is fit-
ted by a WIMP only hypothesis, we show in Fig. 7 the
total CNS-induced nuclear recoil energy spectrum (blue
dashed line) to which is superimposed the mean best fit
models for each of the energy threshold configurations
where the intensity of the coloring corresponds to the va-
9]2WIMP mass [GeV/c
-110 1 10 210 310
]2
W
IM
P-
nu
cl
eo
n 
cr
os
s 
se
ct
io
n 
[cm
-5110
-4910
-4710
-4510
-4310
-4210
pp
pep
hep
7Be_384.3keV
7Be_861.3keV
8B
13N
15O
17F
dsnbflux_8
dsnbflux_5
dsnbflux_3
AtmNu_e
AtmNu_ebar
AtmNu_mu
AtmNu_mubar
]2WIMP mass [GeV/c
5 6 7 8 9 10
]2
W
IM
P-
nu
cl
eo
n 
cr
os
s 
se
ct
io
n 
[cm
-4510
-4410
Xenon
Germanium
Argon
Silicon
Neon
Fluorine
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exposure such that we have a total of about 500 expected neutrino events for each configuration.
rious energy thresholds considered. The WIMP only hy-
pothesis only fits the total CNS background reasonable
well for threshold energies above 0.1 keV. Indeed, in the
case of a threshold of 1 eV one can see from Figs. 2 and
3 that the total CNS spectrum is composed of different
components that have mainly four different recoil energy
end points at roughly 5 eV, 20 eV, 100 eV and 1 keV.
As the pp component only dominates by about one or-
der of magnitude, the remaining leading components will
have a significant contribution to the recoil energy distri-
bution, resulting in the fact that the WIMP only model
does not fit very well the total neutrino spectrum. In the
case of a 10 eV energy threshold, the same argument ap-
plies even if the resulting total CNS spectrum has only
three distinct end points at 20 eV, 100 eV and 1 keV.
These results suggest that the neutrino background
could only mimic very well a WIMP detection in the
case where the energy threshold is high enough so there
is only one very dominant contribution or a smooth
superposition of different neutrino components, such
as 8B and hep neutrinos or atmospheric and diffuse
supernova neutrinos. Also, in order to disentangle a
neutrino background detection from a true WIMP signal,
one could vary the energy threshold of the experiment
to get a consistency check of the WIMP hypothesis.
As the neutrino background could very well mimic a
possible WIMP signal, we could also evaluate to what
WIMP model a given neutrino component is equivalent.
This is shown in Fig. 8 (left panel) where we present the
distributions of maximum likelihood in the WIMP pa-
rameter space that are deduced from a given neutrino
component. These results have been computed for a Xe
target nucleus with no energy threshold. As one can see
from this figure, the solar neutrinos tend to be reconstruc-
ted at low WIMP masses with high cross sections while
the DSNB and atmospheric neutrinos are at much hi-
gher WIMP masses and much lower cross sections. From
this figure, one can easily deduce that the neutrino back-
ground will start becoming important when the expe-
riment will start to reach sensitivities down to 10−45 cm2
(10−48 cm2) for the light (heavy) WIMP range.
Figure 8 (right) presents the WIMP reconstructed neu-
trino backgrounds on the WIMP-nucleon cross section
vs. WIMP mass plane for different target nuclei and a
common energy threshold of 1 keV. With such an energy
threshold, the 8B and hep neutrinos are the dominant
components of the simulated data. For heavier targets
such as Xe or Ge, atmospheric and supernova neutrinos
have a non-negligible contribution, thus explaining the
tails of the distributions at higher WIMP masses. The
reconstructed cross section is roughly the same for all
targets while the reconstructed WIMP mass is shifted
to lower WIMP masses for heavier targets. Interestingly,
the fact that the reconstructedWIMP parameters are not
strictly identical for each target suggests the possibility to
disentangle a neutrino background from a genuine WIMP
detection using different target nuclei. However, as the re-
constructed parameters are fairly close to each other wi-
thin statistical uncertainties, one can get the sense that
such target complementarity might not be of great help to
reduce the impact of neutrino backgrounds on the reach
of upcoming ton-scale experiments. Nevertheless, in the
case of non-standard WIMP-nucleus interaction such as
isospin violating dark matter [33], the use of different tar-
gets could very efficiently remove degeneracies between a
WIMP signal and neutrino backgrounds.
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V. DISCOVERY POTENTIAL OF TON-SCALE
EXPERIMENTS
As next generation experiments plan to reach the ton
scale exposure mass with low thresholds between 0.1 to
2 keV, it is important to assess the discovery potential of
such low threshold experiments in the light of neutrino
backgrounds.
To provide this assessment we compute the discovery
limits for direct detection experiments. Discovery limits
were first introduced in Ref. [46] and are defined such
that if the true WIMP model lies above this limit then
a given experiment has a 90% probability to get at least
a 3σ WIMP detection. Hence, to derive these limits, it is
necessary to compute the detection significance associa-
ted with different WIMP models and for each detector
configuration. This can be done using the standard pro-
file likelihood ratio test statistic [47] where the likelihood
function at a fixed WIMP mass (mχ) is defined as,
L (σχ−n, ~φ) =
e−(µχ+
∑nν
j=1 µ
j
ν)
N!
×
N∏
i=1

µχfχ(Eri) +
nν∑
j=1
µjνf
j
ν (Eri)


×
nν∏
i=1
Li(φi), (13)
where µjν and f
j
ν are respectively the expected number of
neutrino background events and the unit normalized nu-
clear recoil energy distribution from each neutrino contri-
bution. Finally, Li(φi) are the individual likelihood func-
tions related to the flux φi of each neutrino component.
These individual likelihood functions are parametrized
as gaussian distributions with a standard deviation gi-
ven by the relative uncertainty of the different neutrino
flux normalizations as discussed in Sec. II.
The profile likelihood ratio corresponds to a hypothe-
sis test against the null hypothesis H0 (background only)
and the alternative H1 which includes both background
and signal. Profile likelihood ratio test statistics are desi-
gned to incorporate systematic uncertainties such as the
normalization of the neutrino fluxes. As we are interes-
ted in the WIMP discovery potential of upcoming expe-
riments, we test the background only hypothesis (H0) on
the data and try to reject it using the following likelihood
ratio :
λ(0) =
L (σχ−n = 0,
ˆˆ
~φ)
L (σˆχ−n, ~ˆφ)
, (14)
where
ˆˆ
~φ denotes the values of ~φ that maximize L for
the specified σχ−n = 0, i.e. we are profiling over ~φ which
are considered as nuisance parameters. As discussed in
Ref. [47], the test statistic q0 is then defined as :
q0 =
{ −2 lnλ(0) σˆχ−n > 0
0 σˆχ−n < 0.
(15)
As one can deduce from such test, a large value of q0
implies a large discrepancy between the two hypotheses,
which is in favor of H1 hence a discovery interpretation.
The p-value p0 associated to this test is then defined as :
p0 =
∫
∞
qobs0
f(q0|H0)dq0, (16)
where f(q0|H0) is the probability distribution function of
q0 under the background only hypothesis. Then, p0 cor-
responds to the probability to have a discrepancy, bet-
weenH0 andH1, larger or equal to the observed one q
obs
0 .
Following Wilk’s theorem, q0 asymptotically follows a χ
2
distribution with one degree of freedom (see Ref.[47] for a
more detailed discussion). In such a case, the significance
Z in units of sigmas of the detection is simply given by
Z =
√
qobs0 .
The resulting discovery limits are presented in Fig. 9
in the WIMP-nucleon cross section vs WIMP mass plane
for four different experiments : Ge target with a 0.1 keV
threshold (top left), Ge target with a 2 keV threshold
(bottom left), Xe target with a 0.1 keV threshold (top
right), and Xe target with a 2 keV threshold (bottom
right). The discovery limits are presented for three dif-
ferent exposures : 10 kg-years, 100 kg-years, and 1 ton-
year. Here we have considered only the largely dominant
neutrino contributions at these energy thresholds, 8B and
hep. Also shown on Fig. 9 are the background-free exclu-
sion limits for each of the exposures with a color intensity
that scales with the exposure from light to dark gray. The
exclusion sensitivity limits help in interpreting the effect
of neutrino background on the discovery potential as a
function of the WIMP mass.
From Fig. 9, we can deduce that experiments with a
0.1 keV threshold are significantly affected by the neu-
trino background. Indeed, we have shown in the previous
section that neutrino background could very well mimic
a WIMP signal with a mass of ∼ 6 GeV/c2 and a cross
section of ∼ 5 × 10−45 cm2. Hence, as the sensitivity
of an experiment gets closer to this point in the WIMP
parameter space, the neutrino background starts affec-
ting its discovery potential more significantly. Therefore,
near the ∼ 6 GeV/c2 WIMP mass region, one can see
that the discovery limit does not evolve linearly with the
exposure, but much slower due to the neutrino contami-
nation of the data. It is worth noticing that the energy
spectrum induced by the neutrino background and the
equivalent ∼ 6 GeV/c2 WIMP are so close to each other
that the significance is mainly driven by the theoreti-
cal uncertainties on the neutrino flux which are taken
to be equal to 16% for 8B and hep neutrinos. One can
deduce that smaller uncertainties on the true neutrino
flux would allow more accurate background subtraction
and thus improve the discovery potential for WIMPs (see
Sec. VI).
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Figure 9: Discovery limits for Ge target (left panels) and Xe target (right panels), and for 0.1 keV threshold (top panels)
and 2 keV thresholds (bottom panels). The different line styles, solid, dashed, and dotted-dashed respectively correspond to
the three exposures 1, 0.1, and 0.01 ton-years. These discovery limits have been computed considering only the two dominant
neutrino contributions : 8B and hep that both have a 16% uncertainty on their integrated flux. Also shown are the exclusion
sensitivity limits for each of the different exposures with a color intensity scaling with the exposure from light to dark gray.
The bumpiness of the discovery limits is due to the finite size of the Monte Carlo samples (500 iterations) inducing a 5% to
10% statistical fluctuation over the WIMP mass range.
In the case of the 2 keV threshold experiments, the re-
sults are completely similar to those previously discussed
for high WIMP masses, but they are hardly sensitive to
WIMP masses below 10 GeV/c2. Hence the effect of neu-
trino backgrounds on the discovery limits mainly reduces
the sensitivity of the experiment to low WIMP masses.
In both energy threshold configurations and for these ex-
posures, the discovery limits are only weakly affected by
the CNS backgrounds at high WIMP masses. We have
checked that, at these exposures, this holds true even
considering the secondary neutrino contributions such as
the atmospheric and diffuse supernova neutrinos.
To study the effect of atmospheric and DSNB neutri-
nos, we explored the case of extremely large exposures
to get a sense of the ultimate sensitivity of direct dark
matter detection experiments. We considered three dif-
ferent types of target nuclei Xe, Ar, and Ne with energy
thresholds of 10, 15, and 30 keV respectively. With such
thresholds, only the atmospheric and diffuse supernova
neutrinos are relevant as a coherent neutrino scattering
background. As shown in Figs. 6 and 7, these back-
grounds should very well mimic an authentic WIMP si-
gnal. Hence, due to their shape similarities with the ex-
pected WIMP signal and their relatively large total flux
uncertainties, this neutrino background will end up set-
ting a lower limit on the achievable WIMP-nucleon cross
section that one could reach with an arbitrarily large dark
matter experiment.
This is illustrated in Fig. 10 where we show the disco-
very limits (solid lines) of the three different experiments
using Xe, Ar and Ne nuclei with a corresponding expo-
sure of 500, 750, and 2500 ton-years respectively. These
exposures have been set such that we expect for each ex-
periment about 20 neutrino-induced nuclear recoils. As is
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shown, the discovery limits are about a little more than
one order of magnitude above the corresponding exclu-
sion sensitivity limits (short dashed lines) at high WIMP
masses. This is coming from the fact that we have no
spectral discrimination and that the discovery limits are
almost completely driven by the statistical fluctuations
and systematic uncertainties on the total atmospheric
and diffuse supernova neutrino fluxes (see Sec. VI).
The green long dashed line shown on Fig. 10 repre-
sents the discovery limit when considering the additio-
nal neutrino-electron background (without magnetic mo-
ment enhancement) with a rejection factor of 99.5%. It
is interesting to note that for the considered Xe expo-
sure, the expected number of neutrino-induced electron
recoil is about ∼700, which is much greater than the
CNS background. However, as the energy spectrum of
the neutrino-electron background is flat over the consi-
dered energy range, the spectral discrimination is efficient
enough such that the discovery limit is only weakly affec-
ted by this additional background contribution by about
a factor of 2.
VI. MAPPING WIMP DISCOVERY LIMIT
As shown in the previous section, when the neutrino
background starts to become significant, it can conside-
rably slow down the evolution of the discovery potential
with exposure for a given dark matter experiment. Fur-
thermore, we have seen that in the case where a neutrino
spectrum and the WIMP spectrum matches very well,
as for a WIMP mass of 6 GeV/c2 (see Fig. 9 top pa-
nels), the discovery limit starts to saturate. We explore
how this discovery potential evolves as a function of ex-
posure in Fig. 11, where we computed the discovery li-
mit at a fixed WIMP mass of 6 GeV/c2 (left panel) and
100 GeV/c2 (right panel) for three different targets and
thresholds. As one can see, when the neutrino contribu-
tion is negligible, the discovery limit scales as 1/MT .
When the neutrino background starts to leak into the si-
gnal region, the discovery limit scales as 1/
√
MT if the
neutrino and WIMP spectra match sufficiently well such
that the discrimination is low. Finally, for even larger
neutrino contribution, we can see that the discovery limit
slows down even more and eventually becomes constant
as a function of exposure. The latter transition is due to
the systematic uncertainties on the total neutrino flux.
Indeed, in the case of a significant neutrino contribution
and a perfect match between the neutrino and WIMP
spectra, one can approximate the evolution of the disco-
very limit as :
σ90% ∝
√
Nν + ξ2(Nν)2
Nν
=
√
1 + ξ2Nν
Nν
, (17)
where σ90% is the 90% discovery limit, Nν is the expected
number of neutrino events which scales linearly with ex-
posure, and ξ is the systematic error in percentage on the
neutrino contribution. When ξ2Nν ≪ 1 the cross section
scales as 1/
√
Nν (pure Poisson regime at low number of
neutrino events), while when ξ2Nν ≫ 1 the cross section
becomes constant with increasing exposure (purely domi-
nated by systematics, at high neutrino contamination).
This suggests that for WIMP masses that produce
energy spectra that nearly match the CNS background,
the systematic uncertainties on the neutrino flux will end
up setting a lower limit on the reachable discovery poten-
tial of upcoming dark matter experiments. Note that the
level of neutrino background for which the discovery li-
mit starts to saturate is directly related to the systematic
error ξ on the neutrino flux. Indeed, in the case of a per-
fect match between WIMP and neutrino spectra, one can
easily derive that the exposure at which the transition
between Poisson-dominated and systematics-dominated
regime occurs is given by : Nν = 1/ξ
2. Therefore, an im-
provement of a factor of 2 in the systematic uncertainties
will postpone the saturation of the discovery limit at an
exposure 4 times larger and improve the discovery reach
by a factor of 2.
For the 6 GeV/c2 case (Fig. 11 left), the exposures re-
quired to reach the saturation point around 100 neutrino
events are 240 kg-years for Ge, which are exposures acces-
sible to next generation experiments. For the 100 GeV/c2
case, however, the exposure required to get 100 of neu-
trino background events is 2,150 ton-years. Given these
exposure numbers, it is likely that at high masses, in
the absence of a WIMP signal at higher cross sections,
discovery limits much below 10−48 cm2 will become im-
practical due to the large exposures required even in the
Poisson-dominated regime.
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Figure 11: Discovery limits for Ar, Ge, and Xe vs exposure. Left : For 6 GeV/c2 WIMPs, the Ge, Xe and Ar exposures required
to obtain 100 neutrino events are 240, 130, and 430 kg-years. Right : For 100 GeV/c2 WIMPS, the Ge, Xe, and Ar exposures
required to obtain one neutrino event are 32.5, 21.5, and 98 ton-years.
As a final calculation, we have mapped out the WIMP
discovery limit across the 500 MeV/c2 to 10 TeV/c2,
shown in Fig. 12 (right). To cover this large WIMP mass
range, we combined the discovery limits of two Xe-based
pseudo-expriments with a threshold of 3 eV and 4 keV.
To ensure we are well into the systematics limited regime,
exposures were increased to obtain 500 neutrino events.
This line thus represents a hard lower discovery limit
for dark matter experiments. Interestingly, we can de-
note three distinct features in the discovery limits coming
from the combination of 7Be and CNO neutrinos, 8B
and hep neutrinos and atmospheric neutrinos at WIMP
masses of 0.5, 6, and above 100 GeV/c2 respectively. Also
shown are the current exclusion limits and regions of in-
terest from several experimental groups. If the potential
WIMP signals around 10 GeV/c2 are shown not to be
from WIMPs, the remaining available parameter space
for WIMP discovery is bounded at the top by the LUX
Collaboration and at the bottom by the neutrino back-
ground. Progress below this line would require very large
exposures, lower systematic errors on the neutrino flux,
detection of annual modulation, and/or large directional
detection experiments.
VII. CONCLUSION
We have examined the limitations on the discovery po-
tential of WIMPs in direct detection experiments due
to the neutrino backgrounds from the Sun, atmosphere,
and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over a wide range of masses from 500 MeV/c2 to
10 TeV/c2 that could lead to a significant dark mat-
ter detection. WIMP-nucleon cross sections of ∼10−45
and ∼10−49 cm2 are the maximal sensitivity to light and
heavy WIMP dark matter respectively that direct detec-
tion searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This limit
is roughly about 3 to 4 orders of magnitude below the
most recent experimental constraints. In the case of light
WIMPs (about 6 GeV/c2) next generation experiments
might already reach the saturation regime with about 100
neutrino background events. For heavier WIMPs (above
20 GeV/c2) we have shown that progress below 10−48
cm2 will be strongly limited by the very large increases in
exposure required for decreasing gains in discovery reach.
As a main conclusion of this work, our results show
that the cosmic neutrino background poses a hard limit
on the discovery potential of future direct detection ex-
periments. However, it is possible to reduce the impact
of neutrino backgrounds on direct searches experiments
in four ways :
1. An improvement in the theoretical estimation and
experimental determination of the neutrino fluxes.
In particular more precise measurements of the dif-
ferent neutrino flux components by future experi-
ments will improve the ultimate discovery limit of
dark matter experiments.
2. A utilization of different target nuclei. As we have
shown in Fig. 8, even though utilizing different tar-
get nuclei generally does not improve sensitivity
as much as an increase in exposure does, it will
be important for independent measurements of the
neutrino fluxes and the coherent scattering cross
section. This is consistent with several recent ana-
lyses [48, 49]. However, it is certainly likely that if
the WIMP couples differently to the proton and
neutron, as in the case of isospin-violating dark
matter, the utilization of different target nuclei will
be even more important.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.
3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.
4. Measurement of the nuclear recoil direction as
suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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